Abstract. The necessity to understand and predict flows that carry large suspended sediment and wash loads has become acute in river basins where significant erosion and siltation associated with hyper-concentrated flood give rise to many river problems. Mud flows, debris flows or slurries, made up of a large amount of clay and/or silt particles suspended in water, often show non-Newtonian properties but remain poorly understood concerning the impacts of their rheological properties on fully developed turbulent structure. In this paper, we experimentally investigated resistance and momentum transport of hyper-concentrated sediment laden-flow in an open channel with three-dimensional square ribs by using Particle Image Velocimetry (PIV). The results showed that rheological properties significantly dissipated the turbulent flow fluctuations over three-dimensional square ribs and augmented the flow resistance by comparison with the clear water flow.
Introduction
Approaches to theoretical treatment of solid-liquid two-phase flow can be broadly classified into two types: the method in which the solid phase and the liquid phase are considered separately and attention is turned to their interaction and the method in which the solid phase and the liquid phase are regarded as part of a single-phase fluid and attention is paid to the properties of that single-phase fluid.
In modeling mixed-phase turbulent flow in the former method, the dissipation of flows around solid particles and turbulence intensity (turbulence modulation) due to eddies generated by relative velocity between particles and the fluid are important.
Gore and Crowe [1] reviewed past experimental results and pointed out that whether turbulence intensity increases or decreases is dependent on whether the ratio of particle diameter to the integral length scale of turbulence is greater or smaller than 0.1.
Elghobashi [2] proposed a classification scheme associated with the interaction between particles and turbulence depending on the volume fraction of particles and the particle Reynolds number. According to Elghobashi, at volume fractions Φp < 10 −6 , the effect of the particles on turbulence is negligible and the dispersion of particles is dependent only on turbulence. This interaction is termed "one-way coupling." In the range of 10 −6 < Φp < 10 −3 , momentum transport from the particles is large enough to affect the turbulence structure. The interaction in this case is called "two-way coupling." In this range, as the particle Reynolds number decreases, the surface area of particles increases so as to increase the dissipation of turbulence energy. Conversely, if the particle Reynolds number increases, separation vortices behind the particles cause turbulence energy to increase.
In cases where the relative velocity between the fluid and the solid particles is low and the spatial changes in solid particle concentration are small, the single-phase flow approach is easy.
Dynamic properties of dense sediment-laden flow differ considerably from those of clear water flow. In hyper-concentrated sediment-laden flow, as viscosity and density increase, turbulence intensity, sediment concentration distribution, flow resistance characteristics and sediment transport capacity are likely to be altered. Flow mechanisms in such cases, however, remain largely unknown.
In their experiments, Wang et al. [3] varied the clay concentration of kaolin suspension flow over smooth, gravel and stone beds within a clay concentration by volume of 9%, and showed that as the clay concentration increased, the drag coefficient clearly tended to decrease over the gravel and stone beds within the clay concentration range of 3% to 9% and it tended to increase slightly over the smooth bed. In high clay concentration flow, however, suspended kaolin particles might be deposited in the spaces between roughness elements, and their paper did not mention the influence of changes in boundary conditions on drag.
Research on hyper-concentrated sediment-laden flow relies mainly on conceptual models and tends to lack validation because of the difficulty involved in flow measurement. Those models assume that as sediment concentration increases, turbulence is damped rapidly. Experimental research using clay particles such as montmorillonite and kaolin, however, pointed out that transitional turbulent flow exists between laminar flow and turbulent flow. Wang and Plate [4] reported that transitional clay suspension flow is characterized by strong turbulence in a near-bed region and turbulence damping in laminar-flow regions far from the channel walls. Baas and Best [5] found that in open channel flow using kaolin clay particles over a smooth surface, turbulence structure varied considerably within a volumetric clay concentration range of 2% to 4%, showing similarity to the transitional flows reported by Wang and Plate [4] .
Very few studies on hyper-concentrated sediment-laden flows have yielded quantitative and objective experimental data. Those studies present discussions on quantities expressing turbulence properties based mainly on conceptual models. Little measurement data is available on Reynolds stress, and real phenomena remain poorly understood.
Focusing on non-Newtonian fluid properties of hyper-concentrated sediment-laden flows and regarding solid-liquid two-phase flow as single-phase flow, the authors [6] conducted experiments in which hyper-concentrated sediment-laden flows were made to occur in the form of pipe flow and open channel flow by using riverbed material samples taken in the city of Jinan along the lower reaches of the Huang He (Yellow River) and commercially available clay (kaolin) and investigated the drag characteristics of those flows.
The authors also conducted experiments to compare drag and turbulence structure of clear-water flow over two-dimensional and three-dimensional roughness. Square ribs were used as roughness elements and investigated drag and momentum transport in clear-water flow by use of PIV. In the experiments, the drag of the three-dimensional roughness elements showed a maximum value in the cases where roughness elements were positioned so that they were spaced apart by a distance equal to roughness element height, and normal depth over the three-dimensional roughness was 3% to 8% greater than that over the two-dimensional roughness (Ohmoto et al. [7] ; Nishi and Ohomoto, [8] ).
This study investigated the effects of hyper-concentrated sediment on the drag and flow structure in flow over square ribs used as three-dimensional roughness elements. The flow structure was examined in detail through comparison with clear-water flow and sediment-laden flow over two-dimensional roughness by using a poly(sodium acrylate) (PSA) solution, whose viscosity characteristics are similar to those of hyper-concentrated kaolin-laden flow.
Experimental Apparatus and Method
The experimental apparatus and method used are the same as those reported in the preceding paper [8] , and the drag coefficient calculation and flow analysis methods are also the same as those reported in the same paper. A major difference is that bed roughness elements have been changed from two-dimensional to three-dimensional.
The coordinate system has the x-axis representing the stream direction, the y-axis representing the cross-stream direction and the z-axis representing the vertical (upward) direction, and the corresponding flow velocity components are represented by U, V and W, and their fluctuation components by u', v' and w'. Figure 1 shows the longitudinal and transverse arrangements of square ribs used as roughness elements. The roughness elements were stainless steel elements having a 10 mm (k) by 10 mm (a) square cross section and elements having a 5 mm (k) by 10 mm (a) rectangular cross section. The roughness elements were arranged over a length of 6 m on the flume bed from the location at a distance of 2 m from the upstream end of the flume. Table 1 shows the conditions of the experiment conducted to investigate the effect of sediment concentration on drag in flow. In the experiment, the concentration by volume of sediment (kaolin) (C V = 0 to 10%) and the concentration of the poly(sodium acrylate) (PSA) solution (C P = 0 to 800 mg/l) were varied, and the roughness element spacing λ was set to λ/k = 8 for k = 5 mm and λ/k = 10 for k = 10 mm. The λ/k values shown above were used because in an experiment conducted by the authors, the drag coefficient showed a maximum value in response to changes in the longitudinal spacing λ of two-dimensional roughness elements (square ribs) in clear-water flow (Ohmoto et al., 2013) . For the two-dimensional roughness, spacing δ was set to δ = 0 cm. For the three-dimensional roughness, χ and δ were set to χ = 4 cm and δ = k, respectively, because in clear-water flow, drag was found to be maximized at a relative roughness element spacing of δ/k = 1 (i.e. transverse spacing is equal to roughness element height k) at both k = 5 mm and k = 10 mm.
For the experiment, a uniform flow field was created by letting water flow down the flume at the predetermined rate and adjusting the weir opening at the downstream end of the flume, and normal depth was measured with a point gauge. The roughness zone is 6 m long, and although the flow in the Table 2 shows the conditions of the experiment conducted to evaluate the effect of sediment concentration on the flow field. As described later, the concentrations of the poly(sodium acrylate) (PSA) solution simulating hyper-concentrated sediment-laden flow of C P = 300 mg/l and C P = 800 mg/l correspond, if calculated on the basis of comparable drag coefficients and viscosity coefficients, to kaolin concentrations by volume of C V = 6% and C V = 10%. The PSA solution is advantageous for flow measurement by PIV because it closely simulates hyper-concentrated sediment-laden flow in terms of viscosity properties and its colorless transparency enables the use of PIV for flow measurement.
Flow velocity was measured by PIV, a widely used non-contact image processing method. PIV measurement was made in the uniform flow field 4 m downstream from the upstream end of the roughened surface. Flow regime measurement in vertical longitudinal sections was made at a total of six longitudinal sections from y = 0 cm to y = 2.5 cm at 0.5 cm intervals. Flow regime in horizontal planes was measured at z = −0.5 cm, 0 cm, 0.5 cm, 1.0 cm and between z = 1.0 and the water surface at 1 cm intervals.
Effect of High Sediment Concentration on Drag Characteristics
Figures 2 and 3 show the relationship between the total drag coefficient and concentration for the kaolin suspension flow and the PSA solution flow over the three-dimensional square ribs. The total drag coefficient is defined as the ratio of total drag to the inertia of the fluid and can be expressed as
where U * = (ghi 0 ) 1/2 ; g is gravitational acceleration; i 0 , flume slope; and U m , cross-sectional mean flow velocity. The vertical axis shows the total drag coefficient of the kaolin suspension, Cf K , and the total drag coefficient of the PSA solution, Cf psa .
The drag coefficient Cf K in the kaolin suspension flow over the three-dimensional square ribs at kaolin concentrations C V = 2% to 8% ranged from 50% to 85% at the roughness element height of k = 5 mm and from 63% to 94% at k = 10 mm, which are clearly smaller than in the clear-water flow. The minimum value of the drag coefficient C V was 4% to 6% at k = 5 mm, which is about 50% of the minimum value in the clear-water flow, and was 6% at k = 10 mm, which is 63% of the minimum value in the clear-water flow. At the sediment concentration by volume of C V = 10%, the minimum values at k = 5 mm and k = 10 mm are 2.31 and 1.49 times greater, respectively, than the minimum value in the clear-water flow.
Comparison with the drag coefficients over the two-dimensional square ribs reveals that the drag coefficients over the three-dimensional square ribs are greater in all cases than those over the two-dimensional square ribs, and that tendency is more pronounced at k = 10 mm than at k = 5 mm.
It can also be seen that at k = 10 mm, increases in drag over the three-dimensional square ribs tend to be invariably smaller than over the two-dimensional square ribs as sediment concentration increases. To be more specific, the drag coefficient Cf K over the three-dimensional square ribs are greater than that over the two-dimensional square ribs by a factor of 1.20 in the clear-water flow, 1.16 at C V = 6% and 1.11 at C V = 10%.
At the roughness element height of k = 5 mm, except in the clear-water flow, the drag coefficient Cf K over the three-dimensional square ribs does not differ significantly from that over the two-dimensional square ribs.
At PSA solution concentrations C W of 200 to 600 mg/l, the total drag coefficient in the PSA solution flow, Cf psa , over the three-dimensional square ribs ranges from 64% to 100% of that in the clear-water flow at k = 5 mm and ranges from 69% to 93% at k = 10 mm. Thus, as in the sediment suspension flow, the total drag coefficient in the PSA solution flow is clearly smaller than in the clear-water flow. The minimum value of the drag coefficient occurs at C W = 300 mg/l, which corresponds to the sediment concentration of C V = 6% and it is 64% of the drag coefficient in the clear-water flow at k = 5 mm and is 70% at k = 10 mm. It seems that the drag-reducing effect is somewhat smaller than in the kaolin suspension flow.
The total drag coefficient over the three-dimensional square ribs in the PSA solution at C W = 800 mg/l, which corresponds to the sediment concentration of C V = 10%, is greater than that in the clear-water flow by factors of 2.57 and 1.59 at k = 5 mm and k = 10 mm, respectively.
Like in the kaolin suspension flow, in all cases the drag coefficients Cf psa over the three-dimensional square ribs were greater than those over the two-dimensional square ribs, and that tendency was more pronounced at k = 10 mm than at k = 5 mm. Unlike increases in drag over the two-dimensional square ribs, however, increases in drag over the three-dimensional square ribs are not significantly dependent on the concentration of the PSA solution, C W .
A possible factor resulting in this difference is that the boundary conditions, which are determined in part by the regularly spaced (in the cross-stream direction) openings of the three-dimensional square ribs, might have been altered as the sediment concentration in the kaolin suspension flow increased so that the openings were clogged by sediment and the non-uniformity of roughness in the cross-stream direction was reduced.
Wang et al. [4] investigated the relationship between the drag coefficient and the kaolin concentration over a gravel bed (mean particle diameter d50 = 12 mm) and a stone bed (d50 = 31.5 mm). The drag coefficients over the gravel bed and the stone bed invariably tended to decrease significantly as the sediment concentration increased. At 3% < C V < 9%, as the sediment concentration increased, the drag coefficient over the gravel bed decreased sharply and at C V = 8.77% became roughly the same as the drag coefficient in smooth-surfaced open channel flow. This suggests that over the gravel bed and the stone bed, the highly concentrated sediment transformed the coarse-surfaced boundary into a smooth-surfaced boundary.
Conclusion
This study investigated the resistance characteristics of hyper-concentrated sediment-laden flow over three-dimensional square ribs and the structure of such flow by comparison with clear-water flow and flow over two-dimensional square ribs. The findings of this study are as follows:
1) Sediment concentration dependence of the drag coefficient over the three-dimensional square ribs was lower than in clear-water flow when sediment concentration by volume, C V , was lower than 8.5% and, conversely, was higher when C V was higher than 8.5%. The study showed that at the roughness element height of k = 5 mm (λ/k = 8, δ/k = 1) the minimum value of the drag coefficient at C V = 4% to 6% was about 50% of the minimum value in the clear-water flow, and at k = 10 mm (λ/k = 10, δ/k = 1) the minimum value observed at C V = 6% was 63% of the minimum value in the clear-water flow. At the sediment concentration by volume of C V = 10%, the minimum value at k = 5 mm was 2.31 times greater than in the clear-water flow and at k = 10 mm it was 1.49 times greater than in the clear-water flow.
2) Comparison with the two-dimensional square ribs revealed that in all cases of flow over the three-dimensional square ribs, the drag coefficient was greater. At the roughness element height of k = 10 mm, the drag coefficient over the three-dimensional square ribs, Cf K , was 1.20 times, 1.16 times and 1.11 times higher than in the clear-water flow, at C V = 6% and at C V = 10%, respectively.
